A new approach to suppressing interfacial delamination in composites has been investigated. It involves growing strongly attached nanotubes on the surface of the core phase prior to matrix infiltration. Unusually durable interfaces between epoxy and graphite have been demonstrated using this technique. Two types of graphitic core materials have been studied: complex cellular foams having open-interconnected porosity and highly oriented pyrolitic graphite (HOPG) providing a model flat interface. When untreated foam is infiltrated with epoxy, the resulting composite is brittle, and shatters before 10% compression. However, when carbon nanotubes (CNTs) are grown on the foam prior to epoxy infiltration, the specimen becomes pliable, and visibly flattens out rather than fracturing. Model studies on a flat graphite-epoxy interface were performed by joining two HOPG specimens with a thin layer of epoxy, and testing the flexural response of the 'seam' using the three-point bend test. The untreated HOPG sandwich fails easily, whereas nanotube-attached HOPG sandwich shows an over three times increase in flexural load-carrying capacity, close to that of seamless monolithic graphite having identical dimensions. Microscopic evaluations of fractured interfaces indicate that, in all geometries, CNT grafting prevents delamination at the graphite-epoxy interface, and forces any crack(s) to propagate through the graphitic phase. This added inter-laminar strength and toughness can be related to the hierarchical morphology of the interface created by CNT attachment, and unprecedented composite structures can be envisioned.
Introduction and background
A common observation in natural biological composites, which is rarely replicated in synthetic structures, is a multiscale hierarchical surface of the core phase that offers increased interfacial contact area with the matrix within the same overall volume. This approach is expected to enhance most interfacerelated properties such as stress transfer, thermal and electrical transport, even fluid or mass transfer, if such structures can be fabricated. The most direct approach to fabricating such a hierarchical surface would be to grow nanotubes or 'nanohairs' on existing larger structures [1] .
So far, this architecture has not been exploited much in fabricated composites. There are only a few [2] [3] [4] [5] [6] [7] scattered reports where carbon nanotubes (CNTs) have been deposited on larger cylindrical fibres. The substrates used are either individual fibres of carbon, silicon carbide, alumina 1 Author to whom any correspondence should be addressed. or fabrics made from woven fibres. They have all been embedded in matrix materials, and some of their mechanical, electrical and thermal properties were seen to improve. Most notable improvements are normal to the fibre direction, and reasons cited include: increased stiffening of the matrix regions surrounding the nanotube, and increased load transfer, electrical/thermal transport due to bridging of nanotubes across fibres. These earlier studies provide very good background, but are very specific to the dimensions and alignment of CNTs with respect to the larger fibres, and do not depend upon the nanotube-fibre bond. Moreover, these studies do not touch upon the applicability of this approach to other types of core geometries.
In this study, this concept of nanotube enhancement is being investigated for a wider range of substrates and applications. These include more complex surfaces such as three-dimensional cellular foams with open-interconnected porosity.
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1 Figure 1 . Microstructure of the as-received foam.
a wide variety of isotropic, net-shape composites for structural, thermal, electrical, biological and electrochemical applications. These shapes are also the most common form of composite core seen in natural biological and geological systems. Despite the versatility and elegance of many cellular structures, several of them may be limited in mechanical strength and toughness due to high level of porosity and extensive surface-to-volume ratio, making them vulnerable to crack initiation and propagation. When filled with a matrix phase, the interface is the weakest region that needs careful control. Therefore, if nanotube deposition can improve these interfaces, potential benefits can be very high. A key pre-requisite for success in this approach is the possibility of strongly attaching CNTs inside the pores of such solids. This has been made possible by a recent approach developed by this group, which involves pre-activation of the cellular surface in plasma prior to chemical vapour deposition (CVD) of nanotubes [1, 8] . As indicated in the earlier publication, this process not only allows growth of a dense CNT even inside the pores but also allows the CNT to be strongly attached to the larger microcellular substrate, making this a truly robust and promising structure for future applications. In this paper, we report the impact of CNT attachment on the mechanical behaviour of carbonepoxy interfaces. Epoxy-infiltrated composites are made from nanotube-grafted foam and their mechanical behaviour compared with those made from untreated foam. Model experiments have also been performed on the interface between epoxy and flat graphite planes with and without nanotube grafting. Results indicate that the mechanisms of stress transfer and fracture propagation are completely altered by CNT attachment on the surface.
Experiments
Graphitic foam prepared by Koppers Inc (L1a grade) was used for this study. The microstructure of as-received foam is shown in figure 1 and seen to have an average pore size of 300 µm and a density of about 0.38 g cm −3 .
CNTs were attached on the foam using a 2-step process. The first step involved surface activation of the porous material in microwave plasma using hexamethyl-di-siloxane (HMDSO). This was performed using a microwave plasma reactor, and details of the process have been published earlier [8] [9] [10] . The second step was to deposit nanotubes on the pretreated surface using the floating catalyst method of CVD. This process has also been discussed in the literature [11] [12] [13] , and involves ferrocene vapour as a catalyst source, and xylene as the carbon source for nanotube formation. Details of nanotube forests grown on these substrates had been discussed in an earlier paper [1] . It was shown that nucleation and growth rates of nanotubes can be optimized by process parameters such as xylene/ferrocene ratio, gas flow rates and temperature. Lengths can be increased by deposition time until saturation is reached by CNT entanglement. While exact quantification of individual CNT characteristics in a forest of nanotubes is difficult, microstructural and spectroscopic evaluation had indicated that specimens made by this process had average CNT diameters of 3-10 nm, nanotube lengths are expected to exceed 20 µm, and CNT densities are expected to exceed 2000 CNT µm −2 . It was also seen that these nanotubes are strongly bonded to the underlying carbon substrate.
Since CVD deposition was performed in a small laboratory-scale furnace built in-house, the maximum thickness of microcellular specimens that could be optimized for proper positioning and through thickness nanotube deposition was 2 mm. In this study, we therefore used either thin samples or stacks of thin samples for property characterization. However, it must be noted that this process can easily be scaled up as needed in a larger capacity furnace where the uniform hot zone is suitable for larger specimens. Such a scale-up effort is under way by this group, and process parameters will be optimized to obtain similar growth morphology on larger samples.
Identical size and shape of untreated and CNT-grafted foams were fabricated into foam-epoxy composites for comparative testing. The epoxy used was commercially available MAS low viscosity epoxy system with resin to harder ratio of 2 : 1. Composites were made by placing individual as well as stacks of foam specimens on a vacuum suction mesh, and filling them with epoxy liquid. This step was repeated as needed until the pores were completely filled with epoxy, as seen in optical microscope. Subsequent electron microscopy images of multiple sections revealed no voids. The foam-epoxy composites were then allowed to cure at room temperature for approximately 240 h prior to any testing. The density of all the composites measured (both with and without CNTs) were very close, in the range 1.15-1.16 g cm −3 . Comparative mechanical testing was performed in compression using an Instron 4505 universal testing machine. The intent of this paper is not to provide standardized mechanical testing data for this composite, but to investigate the role of CNTs on the overall mechanical response. It must be noted that these specimens are not elongated in shape like standard samples used for uniaxial tensile testing, therefore the magnitude of the strength should not be compared with other standardized composites measured as per ASTM standards. Identical samples of untreated and CNT-attached foam-epoxy were compared at every step, and the idea is to compare the results on these specimens to specifically identify the influence of nanotube attachment. Load-displacement data were recorded until the sample failed, and multiple tests repeated on identical-sized specimens in order to check reproducibility and variance. It must be pointed out that the actual magnitude of the load-displacement values will depend on sample dimensions, and edge effects may be important in smaller samples. Therefore, multiple trials were performed with different sample dimensions, and it was decided that the most reproducible data could be obtained from specimens having dimensions 5 mm or higher. Therefore, it was decided to perform all tests on 6 mm cubic specimens. In the presently optimized CVD process [1] , uniform nanotube deposition through the pores could be best done on 2 mm thick specimens. Therefore, three films having dimensions of 6 mm × 6 mm × 2 mm were stacked together prior to epoxy infiltration to get 6 mm cube blocks. Testing was repeated in two loading directions, parallel and normal to the stacking planes or 'seams' in the stacks. As shown in the next section, the mechanical response was found to be very similar in both cases, independent of the loading direction. This observation rules out the possibility that stacking of the planes has any significant influence on the observed effects.
In order to reduce the influence of surface curvatures and geometry, the process was repeated on flat two-dimensional surfaces of highly oriented pyrolytic graphite (HOPG). These have identical surface chemistry as microcellular foam, but a simpler geometry where stresses can be resolved with respect to the core-matrix interface (graphite-epoxy interface in this case). Two sets of HOPG specimens with and without grafted CNTs were joined with a layer of epoxy and cured for 240 h. The thickness of the entire sandwich was 6.32 mm which is the sum of twice the thickness of HOPG specimens and the epoxy seam. These were then cut across the thickness into columnar beams that are 6.3 mm long with a 2.5 mm × 2.5 mm crosssection, finally polished for obtaining smooth surfaces.
These sandwiches were then tested in three-point bending mode as shown in figure 2. Samples were loaded into a three-point bend testing fixture and its deflection recorded as a function of increasing load until the sample failed, and a sudden drop in the load was seen. To provide a baseline for expected maximum flexural load, samples of monolithic graphite without any epoxy-bonded seam, but having identical total dimensions, were also tested under identical conditions. It must be noted that since the sample is small, and has different aspect ratios compared with traditional 'beams' tested this way, the deflection prior to the advent of interfacial failure is low, and subject to variations, as seen in the raw data. As indicated earlier, the main focus of this study is not to obtain ASTMtype [14] standardized material data, but to compare the loadbearing behaviour of the epoxy-graphite interface with and without nanotube attachment. For this study, the important quantity is the maximum flexural load (P max ) prior to failure, which was found to be reproducible, and carefully recorded. The P max values have been recorded for HOPG samples with and without CNT joined with epoxy. These have also been compared with a single beam of monolithic graphite without the epoxy joint. Multiple samples having identical dimensions have been tested in each case.
Before and after each step of the investigation, high resolution images of specimens at various magnifications were obtained using a JEOL 7401 Field Emission Scanning Electron Microscope (FE-SEM). Figure 3 shows the results of stress-strain measurements on foam-epoxy composites, along with specimen schematics. These are presented as the engineering stress (load divided by original cross-section area) and strain (observed change in length divided by original length). Figure 3(a) shows comparison of composites made from untreated and CNTgrafted foams when the load was parallel to the seams in the stack and figure 3(c) is for testing where the load was applied perpendicular to the stack interfaces. Each test is an average of three identical samples. The influence of CNT grafting on composite behaviour is very clear. The initial elastic behaviour of the composites is very similar in all cases (yield strength between 45 and 50 Mpa, and elastic modulus between 0.75 and 1 GPa), but the amount of deformation sustained (ductility) is drastically changed by the presence of CNT on interfaces. All untreated foam-epoxy composites start showing a serious load drop before even 10% deformation, and rapidly break after that. On the other hand, CNT-attached composites do not see any steep load drop or failure even at 50-60% strains. Actually, these later specimens did not fracture at all, and the tests had to be stopped when excessive plastic deformation flattened the sample to low enough dimensions that could no longer be accurately measured. Figure 4 shows photographs of the samples taken with a regular camera before and after the test. After testing, the control (untreated) composites can be seen to be shattered into multiple pieces ( figure 4(b) ). On the other hand, the CNTgrafted composites are flattened out indicating extensive plastic deformation ( figure 4(c) ), but are still intact. This type of plastic behaviour is unusual for carbon-epoxy composites, and never expected in graphitic foam-based specimens, which are known to be brittle [15, 16] . The fact that nanotube grafting can change their behaviour so drastically indicates that there is significant promise in this concept of using hierarchical interfaces for toughening of composite systems. any interfacial delamination. In this graphite-epoxy system, the graphite is the more brittle phase, and the epoxy does not crack. Failure has to propagate either through the epoxy-graphite interface or through graphite. It is clear that failure occurs through interfacial delamination in the untreated composite, which is suppressed in the CNT-attached composite. This indicates that the hierarchical morphology of the nanotubes causes transfer of the load away from the interface to the inter-graphitic planes within the foam. This finding is further supported by the next results discussed below.
Results and discussions
In order to eliminate the geometric variations associated with a microcellular substrate, the influence of nanotubes on the mechanical behaviour of model flat graphite-epoxy interfaces was investigated. Each specimen involved two pieces of HOPG bonded with an epoxy layer. The flexural load that is needed to fracture the specimen at the 'seam' was measured in three-point bending mode. Untreated sandwiches of HOPG-epoxy-HOPG were compared with CNT-grafted HOPG sandwiches. The load-deflection data from multiple samples of each type are shown in figure 6 . It has been pointed out in the earlier section that the geometry of the specimen keeps the deflection very low, therefore difficult to measure very accurately. However, the maximum load sustained by the epoxy seam is quite reproducible, and can be directly related to the flexural load-bearing capacity of the joint. These results are shown in table 1. Baseline measurements were also made on monolithic graphite specimens having identical overall dimensions, but without the epoxy-bonded seam.
The influence of CNT grafting on maximum flexural load of epoxy-bonded graphite is very clear. For specimens of the given dimensions, untreated graphite-epoxy-graphite seams could sustain a flexural load of only about 31 N. This loadcarrying capacity increases by a factor greater than three, to about 107 N when CNT is attached to the surface prior to joining with epoxy. It must be noted that with CNT grafting, the load-carrying capacity of epoxy-bonded structures gets closer to (about 83%) that of a seamless monolithic graphite of the same dimensions. Such an increase in toughness can be attributed to prevention of graphite-epoxy delamination, Figure 6 . Three-point bend test on two types of specimen having identical dimensions: epoxy-bonded HOPG, epoxy-bonded HOPG with CNT grafting prior to bonding (raw data on load versus deflection from multiple samples). which forces the fracture paths to propagate mostly through the graphitic phase.
SEM images along the crack path of the failed specimens clarify this mechanism. Figure 7 (a) shows delamination at the interface of untreated graphite and epoxy, and figure 7(b) shows that in CNT-attached HOPG specimens, both sides of the crack have graphite, indicating failure propagation through the graphitic phase. These are similar to the mechanisms depicted in figures 5(a) and (b) for microcellular interfaces.
These studies therefore indicate that, in all geometries studied, grafted nanotubes help to transfer the load from the graphite-polymer interface to the interior of the graphitic phase. The extent of this type of load transfer will depend upon the increase in interfacial contact area, provided that the nanotubes are strongly attached to the core. Whereas loosely attached nanotubes can absorb some energy during delamination [4] or stiffen the surrounding epoxy to some extent [2] [3] [4] , they cannot transfer the load away from the graphite-epoxy interface to the inter-graphitic planes as seen in this case. The key to this effect is strong bonding between the core graphite and the nanotube, which depends on the CNT fabrication technique. Actually, earlier studies by this group have focused on interfacial chemistry of the current CNT growth process [1] , and reported that the CNT formed on larger graphite is very strongly attached, which cannot be 'pulled off' easily. It was pointed out that the nanotube-graphite bond created through the functional oxide pre-coating is expected to be stronger than the Van-der Walls bond between graphitic layers.
Since the strongly attached nanotubes can behave like an extension of the underlying carbon structure, the interfacial area between the infiltrated matrix phase and the carbon core structure is now significantly increased. As mentioned earlier, previous studies have indicated that reasonable estimates of length, radius and density of nanotubes in these samples are 20 µm, 3.5 nm and 2000 CNT µm −2 , respectively. This implies that due to CNT attachment, every square micrometre (µm 2 ) of the original graphitic surface is now increased by the surface area of all the nanotubes in that region, which is estimated to be about 2π(3.5 × 10 −3 )×20×2000 ∼ 879 µm 2 . This significantly increased interfacial area can contribute to more efficient load transfer and improved mechanical response. Of course, drawing a quantitative relationship between this increased contact area and mechanical quantities such as tensile and shear strengths is not straightforward since the nanotubes are randomly oriented, which makes the interfacial geometry unpredictable. What is clear is that, in this composite material, a multi-scale hierarchical interface between the core and matrix can significantly improve its toughness and durability in comparison with a smooth interface.
Concluding remarks
In summary, these results clearly demonstrate that it is possible to completely alter the mechanical response of composites, if the interfacial region is modified with carefully controlled hierarchical nanostructures.
Two interfacial geometries between graphite and epoxy phases have been investigated: one is a microcellular graphite surface with three-dimensional interconnected porosity that can be infiltrated with a polymer matrix material, and the second is a model flat boundary between the two phases. In both cases, the weakness of the original untreated composite arises from delamination at the phase boundaries. This is completely suppressed if nanotubes are grafted on the graphite, which makes the interface stronger than the interior of graphite.
The influence of this on the overall composite is very significant. Foam-epoxy composite can be transformed from brittle to ductile by CNT grafting, and therefore its applicability may be extended in many ways. Similarly, epoxybonded graphite can be significantly stronger, much closer to unbounded monolithic graphite if CNT is attached on the surfaces prior to bonding.
If this type of behaviour can be demonstrated in other organic matrix materials such as bio-polymers and softer phases reinforced with graphitic core structures, a large number of products and applications can be envisioned in future. 
